To assess the acute regulation of leptin concentrations by insulin, glucose and free fatty acids (FFAs). DESIGN: Four protocols: saline control experiment (CON); hyperglycemic clamps ( $ 8.3 mmolal, 120 min) after an overnight fast (12 FAST); after a 36 h fast (36 FAST); and after a 36 h fast during which Intralipidaheparin was given over the last 24 h (36 FAST FFA). SUBJECTS: Lean, young, healthy volunteers; control group (n 6), experimental group (n 6). MEASUREMENTS: Serum leptin concentrations. RESULTS: Glucose and insulin concentrations were similar during the three clamp protocols. Average FFAs during the last 60 min of the clamp were 671 AE 68 mM (CON),109 AE 15 mM (12 FAST), 484 AE 97 mM (36 FAST) and 1762 AE 213 mM (36 FAST FFA). Leptin concentrations decreased similarly during 36 FAST and 36 FAST FFA. Leptin concentrations at 120 min (expressed as percentage of mean basal value) were 0.82 AE 0.02 (CON), 0.93 AE 0.08 (12 FAST) (P 0.29), 1.19 AE 0.06 (36 FAST) (P`0.01) and 1.44 AE 0.12 (36 FAST FFA) (P`0.01). CONCLUSION: During a one-day fast leptin concentrations decrease regardless of maintainance of an isocaloric balance. During acute hyperinsulinemic hyperglycemia leptin concentrations increase only after a preceding fast. This increase was most pronounced during simultaneous elevation of FFAs. Overall, our ®ndings are compatible with the hypothesis that leptin secretion may be coupled to triglyceride synthesis rather than to the absolute lipid content of the adipocyte.
Introduction
The OB gene product leptin is thought to be an adipocytederived signal contributing to the regulation of body weight and satiety.
1 ± 3 During a short-term fast circulating leptin concentrations decrease. 4, 5 Interestingly, this decrease is disproportionate to the percentage of body fat lost. Moreover, after a 4 day fast followed by an additional 6 day fast during which a glucose infusion provided only 338 kcaladay, leptin concentrations increased by 80% in the ®rst 24 h. 6 Consequently, it has been suggested that the serum leptin concentration re¯ects ongoing triglyceride synthesis or glucose uptake by fat cells rather than the actual lipid content of the adipocyte. 7 In addition to the long-term regulation by body fat mass, there is increasing evidence that leptin secretion is also under acute hormonal control. Humoral factors stimulating leptin secretion include glucocorticoids 8 and insulin in particular under eu-or hyperglycemic clamp conditions. 9 ± 11 Fatty acids have been shown to inhibit leptin secretion in vitro 12, 13 but not in vivo. 14 In studies in humans, hormones andaor substrates used to experimentally stimulate leptin secretion in vivo were raised to supraphysiological concentrations 9 or administered over a prolonged period. 15 Therefore, we performed the following studies to assess under which conditions leptin concentrations are acutely (ie`2 h) stimulated by physiological increases in hormone and substrate concentrations. In addition to a saline control experiment (CON), hyperglycemic clamps ( $ 8.3 mmolal, 120 min) were performed after an overnight fast (12 FAST), after a 36 h fast (36 FAST) and after a 36 h fast during which Intralipidaheparin was given over the last 24 h (36 FAST FFA).
Methods

Subjects
After approval of the protocol by the local ethical committee and obtaining informed written consent we studied a control group (n 6) who underwent a saline control experiment and an experimental group (n 6) who underwent three hyperglycemic clamps in random order approximately 1 week apart. Subjects characteristics are shown in Table 1 . Prior to the study, all subjects had their medical history taken and underwent a physical examination, a routine blood test and an ECG. Subjects had been instructed to maintain their usual diet before the study.
Experimental protocols
For the experiments subjects were admitted to the university's research unit in the morning after an overnight fast and indwelling catheters were inserted into an antecubital vein for infusions and a dorsal hand vein in a retrograde fashion which was kept in a heated chamber for arterialized blood sampling. In every protocol baseline blood samples were obtained at 7.30 h (equals À30 min) and at 8.00 h experiments were started. Four experimental protocols were performed in random order no more than 4 weeks apart.
12 h fast saline (CON). As control experiment a saline infusion was started at 0 min. 12 h fast hgc (hyperglycemic clamp) (12 FAST 
Hyperglycemic clamp
After baseline samples had been obtained, a hyperglycemic clamp was performed as previously described. 16 An intravenous bolus of 20% glucose over 1 min was given to instantaneously raise blood glucose to approximately 8.3 mmolal (bolus dose (mg) body weight (kg)Âdesired increase in blood glucose (mgadl)Â1.5). Subsequently, the glucose infusion was adjusted to maintain blood glucose at around 8.3 mmolal.
Sampling and analytical procedures
Blood samples for determination of serum leptin and serum FFAs were obtained every 30 min during the hyperglycemic clamp. Samples for serum insulin were taken at the same time points and at 10 min. Serum leptin was determined by a radioimmunoassay (Linco, St Charles, MO, USA) with intra-and interassay coef®cients of variation`6% and a lower detection limit of 0.5 ngaml. 17 Serum insulin was determined by a microparticle enzyme immunoassay (Abbott Laboratories, Tokyo, Japan). Free fatty acid (FFA) concentrations were determined by an enzymatic method (NEFAC kit, WACO Chemicals, Neuss, Germany). Blood glucose was determined at the bedside every 5 min using a HemoCue analyzer (HemoCue, Mission Viejo, CA, USA).
Statistical analysis
Unless stated otherwise data are expressed as mean AE s.e.m. For comparing changes in leptin concentrations between different protocols the relative change from baseline at 120 min was used by which time the change from baseline was greatest in all protocols. For statistical comparisons with the saline control protocol the unpaired student's t-test (twotailed) was used. For comparisons between the hyperglycemic clamp protocols which were performed in the same subjects the paired Student's t-test (two-tailed) was used. In addition, ANOVA was performed on leptin (120 min) and insulin (60 ± 120 min) of the three protocols (excluding saline) to assess the differences between the experiments. A P-value of less than 0.05 was considered to be statistically signi®cant.
Results
h fast saline (CON)
During the saline infusion neither plasma glucose nor plasma insulin nor serum FFAs were signi®cantly different from baseline. Serum leptin decreased from 5.6 AE 0.9 ngadl at baseline to 4.5 AE 0.7 ngadl at 120 min (P`0.001) (Figures 1  and 2 ). Figures 1 and 2 ).
h fast hyperglycemic clamp (FAST)
After the 36 h fast plasma insulin increased from 26 AE 7 pM at baseline to 220 AE 67 pM (P vs 12 FAST 0.24) during the last 60 min of the hyperglycemic clamp. Serum FFAs decreased from 908 AE 74 to AE 409 AE 129 mM at 120 min P`0.01). Serum leptin concentrations did not change signi®cantly (from 2.4 AE 0.6 to 3.0 AE 0.8 ngadl at 120 min, P 0.11). The relative change in leptin concentrations (1.19 AE 0.06), however, was signi®cantly greater than that during the saline control experiment (0.82 AE 0.02, P`0.01) and non-signi®cantly different from the 12 h fast experiment (0.93 AE 0.08, P 0.1).
h fast 24 h Intralipid hyperglycemic clamp (36 FAST FFA)
After the 24 h elevation of free fatty acids to approximately 2000 mM, plasma insulin increased from 24 AE 3 pM at baseline to 241 AE 59 pM (P vs other protocols N.S.) during the last 60 min of the hyperglycemic clamp. Serum FFAs decreased from 1969 AE 206 to 1578 AE 188 mM at 120 min (P`0.05). Serum leptin concentrations increased signi®cantly from 2.5 AE 0.1 to 3.5 AE 0.01 ngadl at 120 min (P`0.05). The relative change in leptin concentrations (1.44 AE 0.12) was higher than that during the hyperglycemic clamp performed after the 12 h fast (0.93 AE 0.06, P`0.01), but not signi®cantly different from that after the 36 h fast (1.19 AE 0.06, P 0.15). Compared to the saline control experiment the relative change in leptin concentrations was higher and statistically different (0.82 AE 0.02, P`0.01) (Figures 1 and 2) .
Discussion
The present studies were undertaken to enhance our understanding of the mechanisms involved in physiological shortterm regulation of leptin concentrations. The hyperglycemic clamp after the overnight fast essentially did not prevent the diurnal fall in leptin concentrations. In contrast, after the 36 h fast leptin concentrations increased signi®cantly during the hyperglycemic clamp. The most pronounced increase in serum leptin was observed after the 36 h fast complemented by the 24 h elevation of FFAs. It has been previously reported that after a 4 day fast hyperglycemic hyperinsulinemia transiently restores baseline leptin concentrations within 24 h. 6 In this study the decrease in leptin concentrations after one day of fasting was different compared to 4 days of fasting. Interestingly, in our study 50% of the decrease in leptin concentrations during the 24 h fast plus intralipid were already reversed during the 2 h hyperglycemic clamp with continued Intralipid. This suggests that a preceding fast primes the adipocyte to an acute increase in leptin secretion in response to changes in glucose availability (and presumably also energy intake).
In vitro studies have suggested that FFAs could inhibit leptin secretion 12, 13 while in vivo studies in humans have demonstrated no effect of elevated plasma FFAs on circulating leptin concentrations. 14, 18 During the Intralipidaheparin Acute stimulation of leptin concentrations N Stefan et al infusion in our study the increase in leptin concentrations was greater compared to the fasting only protocol where endogenous FFA concentrations were lower than during the experimental elevation. Since hyperglycemia was comparable and hyperinsulinemia not signi®cantly different between both fasting protocols, our ®ndings suggest that FFAs, if anything, may increase leptin concentrations under certain conditions. It is important to point out that insulin concentrations were not identical in the three hyperglycemic clamp protocols. Although not signi®cantly different, insulin concentrations were highest in the 36 FAST FFA protocol where also leptin increased most. Since insulin itself has been shown to stimulate leptin concentrations 19 one might argue that some of the difference could be attributable to insulin. However, although insulin concentrations differed markedly between CON and 12 FAST, leptin concentrations were similar. Moreover, effects of insulin alone on leptin concentrations have a lag period of about 2 h 19 while the divergence of the curves in the present study were evident much earlier. It thus appears unlikely that the small differences in insulin were responsible for the differences in leptin in a major way. Nevertheless, based on our data alone a partial effect of the higher insulin concentrations on leptin cannot be entirely excluded.
Our data are compatible with a previously proposed hypothesis regarding the nutrient regulation of leptin secretion. According to this hypothesis leptin concentrations re¯ect the rate of triglyceride synthesis rather than the energy balance per se. 7 Thirty-six hour fasting represents a state of ongoing lipolysis and triglyceride depletion. In this sense prior triglyceride depletion would set the stage for accelerated resynthesis under the hyperglycemic clamp conditions, explaining the acute stimulation of leptin concentrations. A coupling of leptin secretion with triglyceride synthesis would also explain the observation that increased availability of FFAs resulted in a further increase of leptin secretion by accelerating triglyceride synthesis. 20, 21 It is of note that leptin concentrations decreased during the fast regardless of energy supplementation by intralipid and glucose ( $ 18 kcalakg 24 h). It has been previously proposed that not so much the provision of energy but the presence of insulin-stimulated glucose metabolism is critical for sustaining leptin secretion. 7 Insulin and glucose before the hyperglycemic clamps were low in the two fasting protocols and both are key factors for stimulation of triglyceride synthesis in the adipocyte. 22, 23 Thus, in line with the concept outlined above, circulating leptin concentrations might represent a mirror image of insulin and glucose stimulated triglyceride synthesis in the adipocyte.
The fact that leptin concentrations in the fed state are relatively resistant to any acute stimulation (including hyperinsulinemia, hyperglycemia or increased plasma FFA) suggests a robust set point of the individual adipocyte lipid storing capacity and leptin secretion rate. It also implies that in pathological conditions such as obesity a profound disturbance of the equilibrium must be present to reset basal leptin concentrations to the high concentrations seen in this condition. 3 In conclusion, a hyperglycemic hyperinsulinemic clamp does not acutely prevent the diurnal decrease in leptin concentrations. In addition, during a one-day fast leptin concentrations decrease regardless of maintenance of an isoenergetic balance by lipid infusion. Moreover, during acute hyperinsulinemic hyperglycemia leptin concentrations increase only after a preceding fast. The fact that this stimulation was most pronounced during simultaneous elevation of FFAs suggests that FFAs may increase leptin concentrations under certain circumstances (eg elevated insulin and glucose). Finally, our ®ndings are compatible with the hypothesis that leptin secretion is closely coupled to triglyceride synthesis rather than the absolute lipid content of the adipocyte or the whole body energy balance. 
